Abstract: This paper presents the findings of an investigation of the fiber content variations in concrete being discharged from a ready-mix truck at the construction site. Concrete samples were extracted from the truck drums at the beginning, middle and end of discharge. Subsequently, fibers in each sample were separated from the concrete, and weighed. Presumably, synthetic macro fibers will float towards the top, i.e. towards the drum opening, of the inclined, revolving truck-drum, while, on the other hand, steel fibers will tend to gravitate towards the lower parts of the mixer drum. Accordingly, the discharge batch, containing synthetic macro fibers, will contain a higher amount of synthetic fibers per unit volume at the start of discharge than the average unit volume fiber content of the mix, and the content will gradually decrease further down the batch. The discharge batch of steel fiber concrete will contain fewer fibers per unit volume at the start of discharge than the average unit volume fiber content of the mix, and the content should gradually increase further down the batch. The correctness of the foregoing is partly confirmed. A certain percentage of the truck loads did not comply with the proposed requirements, mainly steel fiber reinforced batches, indicating the necessity of a code or guideline amendment. A change in the Norwegian shotcrete directive was made in 2011, based upon experimental research work (2010), which, in combination with the subsequent University of Life Sciences report (2012), constitutes the foundation of this article.
1. Introduction
Purpose and Applicability of These Investigations
Concrete structures are crack-prone. This is particularly true for slabs on grade. Attempts at crack control are directed at reducing the width of each particular crack, in spite of the tradeoff of increasing the number of cracks. The durability of concrete is impaired by cracks, as they provide a path for the transportation of potentially harmful liquids and gases. Cracks of small width reduce the deterioration risk due to diminished influx of potentially damaging substances (Concrete Construction Staff 1997; The Concrete Society 2013). Narrow cracks are also preferable for aesthetic reasons. Furthermore, the mechanisms of concrete self-healing will only mend cracks of small breadth (Van Tittelboom et al. 2013) . It is generally acknowledged that fibers do limit the widths of cracks caused by plastic and drying shrinkage. The higher the amount of fibers, the more effective is the crack limitation. Accordingly, to achieve uniform crack control throughout the concrete pour, the fibers should be evenly distributed. Also, irregular fiber distribution may give varying workability, e.g. pumping suitability, and affect separation tendencies.
Proposed Limits on Fiber Content in Samples
The following minimum fiber content limits, based upon the requirements by Deutscher Ausschuss fü r Stahlbeton (German Committee for Structural Concrete 2008), were proposed by the Norwegian Concrete Association (Norsk Betongforening 2010) for inclusion in the relevant Norwegian Building Code:
• Average of 3 samples: Minimum 90 % of specified fiber content • Any individual sample: Minimum 85 % of specified fiber content
However, if a restriction on the maximum fiber content is not to be implemented, a ready-mix producer may add a sufficient amount of fibers, above the amount specified, to provide a ''buffer'' to make sure not to risk rejection of a load. This could result in negative effects, e.g. excessive workability variations, locally higher amounts of entrapped air, variations in compressive strength within the structure, and possibly more bleeding/segregation (W. R. Grace Co., Grace Concrete Products 2011).
Accordingly, subsequent to the completion of the work done by Nikolaisen (2010) , which constitute the initiation of this report, maximum fiber content limits in shotcrete were proposed by the Norwegian Concrete Association for inclusion in the relevant Norwegian Code (Norwegian Concrete Association Publication No. 7 2011; Sørensen 2012) . In addition, the minimum contents were lowered by 5 %, i.e. to 85 % and 80 % respectively for the average of 3 samples and for any individual sample.
• Average of 3 samples: Minimum 85 % of specified fiber content, maximum 115 % • Any individual sample: Minimum 80 % of specified fiber content, maximum 120 % An investigation of possible compliance with the above requirements, summarized in Table 1 , is carried out as part of this research project.
Hypothesis
Synthetic macro fibers will float towards the top, i.e. opening, of the inclined, revolving, mixing-truck drum. Accordingly, the concrete discharge batch will contain a higher amount of synthetic fibers per unit volume in the beginning of discharge than the average unit volume fiber content of the mix, and the content will gradually decrease further down the batch. Steel fibers, on the contrary, will tend to sink towards the bottom parts of the drum, thus causing the initial discharge samples to contain fewer steel fibers per unit volume than later samples (Nikolaisen 2010 ).
Methods

Procedure in this Experimental Series for Adding Fibers from Bags to Truck-drum
Common truck mixer rotation procedure, and fiber addition routine, in Norway: ''the drum is rotated at slow agitation speed, 2-6 revolutions per minute, while underway to the construction site, with no fibers in the batch. Upon arrival at the delivery site, with the truck stationary, an additional 5 min of rapid rotation, while the fibers are being added, 12-18 revolutions per minute, is undertaken. Then the drum is run at 12-18 revolutions per minute for 5 min prior to discharge. The rate of steel fiber addition should not exceed 60 kg/min, and the concrete slump must be at least 120 mm''.
The addition rate and time of addition of the synthetic fibers were not considered significant (W. R. Grace Co., Grace Concrete Products 2011). The drum has to be rotated rapidly, 12-18 revolutions per minute, for a minimum duration of 5 min following the addition of synthetic fibers. The amounts of fibers added are normally not weighed, neither the steel nor the synthetic fibers, but the sacks are counted, and rounded off to the nearest half sack (Nikolaisen 2010) . Refer to the Appendix regarding truck delivery-slip information on batches.
The fiber addition-and mixing-procedures, including truck drum speeds, were kept the same throughout the test series'. To investigate any possible influence of mixing procedures, like drum speeds and duration of mixing, on fiber distribution, was considered to be outside the scope of this research work.
The test procedures have evolved throughout these investigations from discussions, reviewing previous test methods and other research reports, standards, directions and recommendations. A 10 l test sample volume seemed to be nearly ideal, and the fiber segregation methods do separate all fibers from the test samples (Nikolaisen 2010) . The Truck 4 (ref. Table 3 ) steel fiber samples were taken from the discharge end of the pump-hose, and the figures indicate that the pumping process apparently did not cause a change in fiber-content.
Sources of Errors
No measurements of air content were done, neither were any tests on slump or flow performed at the delivery-site. Slumptest results from the batch-plant are listed in the ''Appendix''. Even if the rinsing of fibers prior to weighing was done as thoroughly as reasonably possible, slight residues, barely visible, may have affected the results, i.e. the recorded weight of synthetic fibers. The duration of mixing at the batch-plant has neither been specified nor recorded. The distance between batch-plant and delivery-site was 25 km (batches destined for steel fiber addition at delivery site) and 6.5 km (batches destined for synthetic macro fiber addition at the delivery site). However, the hauling-time was not recorded, and could vary due to e.g. traffic jams. This could affect the consistency of the concrete at the job-site. Considerable variations were noticed in the revolving speed of drums during transport, and also while mixing after the addition of fibers at the delivery site. These factors may have had an effect on the distribution of fibers in the concrete mass.
Experimental Work and Results
Steel Fiber Batches
Fibers with hooked ends have been commonly used in Norway for decades. The steel fiber type utilized in this research is described by Figs. 1, 2 and Table 2 . Table 1 Proposals for fiber content to be investigated.
Average of 3 samples
Any individual sample
Proposal I Minimum 90 % of specified fiber content.
No maximum Minimum 85 % of specified fiber content.
No maximum
Proposal II Minimum 85 % of specified fiber content.
Maximum 115 % Minimum 80 % of specified fiber content. Maximum 120 % Upon arrival of the ready-mix truck at the construction site, Vestby Outlet Shopping Center, south of Oslo, next to Highway E6, 25 kg/m 3 of steel fibers were added by emptying full bags into the revolving truck-drum. The concrete was to be placed by pumping. Only full bags were used to avoid variations in the added fiber content. The steel fibers were added at the rate of approximately 45 kg/min, while the truck-drum was rotating at 12-18 revolutions per minute. Then the drum was run at 12-18 revolutions per minute for 5 min. Thereafter, three 10 l samples were taken out during discharge from each of 15 truck-loads: one at the start of discharge, one about midway thru, and one at the end. The fibers where subsequently extracted magnetically from the fresh concrete samples by using an Arcelor Mittal Dosometer, and then weighed. The results are listed in Table 3 , and displayed in Figs. 3 and 4 as a scatterplot and a box-plot respectively.
The scatter-plot of results, Fig. 3 , indicate that the smallest discrepancy from the specified fiber content occurs at the beginning of the truck discharge, increasing at the middle and being the largest at the end of dispatch.
The box-plot diagram Fig. 4 , of the steel fiber weighing, visualizes the results presented in Table 3 and by the scatterplot, Fig. 3 .
The vertical lines at the top and bottom of each box indicate the limits of fiber amounts. The circle indicate the average value and the horizontal line represents the median value.
Synthetic Fiber Batches
Use of synthetic fibers in Norway started in 2003 and was initially applied in shotcrete, and later as shrinkage reinforcement, particularly in slabs on grade, mainly because synthetic fibers do not corrode, hence, not causing rustmarks. Synthetic fibers have proven to be more cost-effective than steel fibers (Nikolaisen 2010) . The synthetic fibers utilized in this work are featured in Fig. 5 and Table 4 .
Upon arrival of the ready-mix truck at the construction site, Økern-Sinsen tunnel in Oslo, 7 kg/m 3 of synthetic macro fibers were added to the truck-drum by emptying full sacks into the revolving drum. Only full bags were used, to eliminate variations in added fiber content. The batch was to be placed by shotcreting. Fibers were added while the truckdrum was rotating at 12-18 revolutions per minute, and thereafter further mixed into the batch during approximately 70 revolutions of the drum at 12-18 revolutions per minute for a duration of 5 min. Three 10 l samples were taken out during discharge from each of 8 truck-loads: one at the start of discharge, one about midway thru, and one at the end. The fibers were separated from the concrete by washing out and then weighed. The results are listed in Table 5 , and displayed in Figs. 6 and 7, as a scatterplot and a box-plot respectively.
The scatter-plot of results, Fig. 6 , indicates, contrary to the steel fiber results, that the largest discrepancy from the specified fiber content occurs at the beginning of the truck discharge, decreasing at the middle and being the least at the end of dispatch. A box-plot diagram Fig. 7 , of the synthetic macro fiber weighing, visualizes results as they are presented in Table 5 and by the scatter-plot, Fig. 6 .
The vertical lines at the top and bottom of each box in Fig. 7 indicates the limits of fiber amounts. The circle indicates the average value and the horizontal line represents the median value.
Summary of Results
The percentages of single samples and average of 3 samples not complying with the proposed limits on fiber content are listed in Table 6 . The steel fiber contents in a number of ready-mix truck loads did not comply with neither of the two alternative code amendments proposed.
All synthetic macro fiber concrete tests did meet the Proposal I requirement, and only one synthetic fiber truckload did not comply with the Proposal II requirements, by yielding one single test-sample containing more fibers than would be permitted. The percentages of truck loads not complying with the proposed limits on fiber content are listed in Table 7 . The amounts of fibers used, 25 kg/m 3 in Table 3 Results, sample content at start, middle and end of truck discharge of steel fiber reinforced concrete, 250 g/10 l = 25 kg/m 3 . Fig. 4 Box-plot presentation of steel fiber weighing, ref. Table 3 .
the steel fiber reinforced concrete, and 7 kg/m 3 in the synthetic macro fiber reinforced concrete, caused no problems, neither regarding casting in place nor compaction.
Conclusions
A certain percentage of the truck loads did not comply with the proposed fiber content requirements, mainly steel fiber reinforced batches, indicating the necessity of a code or guideline amendment. Based on the test results and observations, the following conclusions may be drawn:
• The steel fiber contents in a number of ready-mix truck loads did not comply with neither of the two proposed alternative code amendments, implying that adjustments in batching procedures may be advisable regarding steelfiber mixing routines.
• All synthetic macro fiber concrete tests did meet the Proposal I requirement, and only one truck-load did not comply with Proposal II requirements, by yielding one test-sample containing more fibers than would be permitted.
• Indications are that the steel fiber concrete truck loads contained fewer fibers at the start of discharge than at the end of discharge. However, the only statistical significance was found between the fiber content being higher at the end of discharge than in the middle of discharge.
Even if the number of tests is not sufficient to draw a definite conclusion, this research work does indicate higher fiber content at the end of discharge. • The apparent indication of the synthetic macro fiber concrete containing more fibers at the start of discharge than towards the end of discharge is neither supported nor rejected by statistical significance computations, as the number of tests carried out are too low for a definite conclusion to be drawn.
• The concrete with the amounts of fibers used, 25 kg/m 3 in the steel fiber reinforced concrete, and 7 kg/m 3 in the synthetic macro fiber reinforced concrete, had good workability. No clustering of fibers was observed. The amounts of fibers used caused no problems, neither regarding casting in place nor compaction, which basically agrees with other findings (The Concrete Producer Magazine 2011; Hauck 2004 ).
• The code and/or guideline amendment according to Proposal II seems justified. Fig. 7 Box-plot presentation of synthetic macro fiber weighing, ref. Table 5 . Table 6 Percentage of single samples and average of 3 samples not complying with the proposed limits on fiber content. Table 7 Percentage of truck loads not complying with the proposed limits on fiber content. • Suggested further research: Investigation of the influence of mixing procedures, drum speeds, duration of mixing, time lapse between the addition of fibers and discharge, and placing methods. 
